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Abstract 
Heavily doped emitters with low saturation current density are of particular interest for selective emitter solar cells. 
These emitters can be obtained by laser doping through the PSG layer formed after thermal diffusion from POCl3 gas. 
The experimental results show that in contrast to purely POCl3 furnace-diffused emitters, the saturation current 
density of heavily laser-doped emitters decreases as sheet resistance decreases. This peculiar behavior was explained 
by both qualitative analysis and numerical simulations. Surface recombination velocities were also investigated and 
revealed that while lightly laser-doped emitters were sensitive to surface state, heavily laser-doped emitters saturation 
current densities were only weakly dependant on recombination at the surface. Laser-doped selective emitter solar 
cells were also processed and featured an absolute overall gain of 0.6 % in efficiency. 
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1. Introduction 
Laser doping from a solid source [1] is a nowadays well-established technique for solar cells emitters 
processing, and has particularly proven its usefulness for selective emitter patterning [2]. Various dopant 
sources can be used, and for each one a careful tuning of the laser energy fluence allows the desired 
emitter sheet resistance (Rsh) to be purposely varied in a wide range [2-4]. 
Both theoretical and experimental processing of laser-doped (LD) emitters are described extensively in 
the literature [2-4]. Nevertheless some of their fundamental properties are seldom addressed. This is 
especially the case of the induced saturation current density (J0e) as well as the surface recombination 
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velocity (SRV). These are important parameters, since the solar cell implied open-circuit voltage (Voc, 
implied) is determined by J0e value [5], which in turn is linked to SRV [6]. 
We have recently reported [7] on the variation of the J0e of phosphorus LD emitters on p-type silicon 
substrates with respect to their Rsh. This paper aims rather at studying the surface recombination velocity 
(SRV) of LD emitters, as well as the influence of the passivation layer on the variation of J0e with respect 
to Rsh. 
2. Experimental 
The experimental procedure used here can be found in [7]. p-type 14-22 Ω·cm Cz-Si shiny-etched 
substrates with a thickness of 300 µm and a surface of 5x5 cm² were used for this study. The samples first 
underwent a 120 Ω/□ POCl3 furnace diffusion. During this thermal diffusion process, a phosphosilicate 
glass (PSG) layer of approximately 100 nm grew on top of diffused samples [8]. In our experimental 
setup, this PSG layer was carefully kept to act as a dopant surface source of interest to form selectively 
LD regions [9]. Hence, subsequently to the 120 Ω/□ furnace diffusion, samples with their PSG layer were 
laser irradiated to create LD phosphorus emitters with various Rsh. We used a pulsed green laser with 515 
nm wavelength, 20 ns pulse duration and 40 µm spot diameter. The laser power (Plaser) was varied in the 
0.5 – 5.5 W range and resulted in emitter Rsh between 120 and 30 Ω/□. The laser irradiation was carried 
out on the whole surface of both sides of the samples in order to obtain symmetrical n+/p/n+ structures 
suitable for carrier lifetimes measurements. Residual PSG layer – if any – was then removed by a HF dip, 
and Rsh were measured using a four-point-probe device. Electrical passivation of samples surfaces was 
achieved with 75 nm thick plasma-enhanced-chemical-vapour-deposited hydrogenated silicon nitrides 
(SiN:H) layers. Effective carrier lifetimes were then measured using the quasi-steady-state 
photoconductance (QssPC) technique, and emitters J0e were calculated at high-injection level as proposed 
by Cuevas & Sinton [10,11]. Two SiN:H layers were investigated : an H-rich layer with a high NH3/SiH4 
ratio, and a Si-rich layer with a low NH3/SiH4 ratio. 
For the sake of comparison, we have prepared purely thermal POCl3 diffused samples to form furnace-
diffused (FD) emitters with Rsh similar to the above-described LD emitters (between 120 and 30 Ω/□). 
These samples thereafter followed the same aforementioned steps, namely: HF dip, Rsh measurements, 
SiN:H surface passivation (with both low and high NH3/SiH4 ratio) followed by QssPC J0e measurements. 
SiN:H layers were then stripped out and phosphorus doping profiles of the FD and the LD emitters 
were measured using secondary ions mass spectroscopy (SIMS). 
3. Results and discussion 
3.1. Variation of J0e with respect to Rsh 
The variation of J0e with Rsh for both LD and FD emitters (using H-rich SiN:H as passivation layer) is 
reported in Fig. 1. For FD samples, J0e is seen to increase linearly as Rsh decreases. This behavior is 
consistent with literature, and could be explained by the high phosphorus surface concentration of FD 
emitters [6, 12]. The degradation of J0e with decreasing Rsh is one of the major drawbacks of conventional 
POCl3 emitters. 
In contrast to FD emitters data, the J0e of LD emitters features a rather different behavior. Indeed, the 
variation of J0e with Rsh exhibits a peculiar “bell-shaped” trend. For Rsh between 120 and 70 Ω/□, J0e of 
LD emitters increases, while for heavily LD emitters with Rsh below 70 Ω/□, J0e suddenly decreases, 
reaching values even lower than those of FD emitters at doping level below 40 Ω/□. 
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Fig.1. Variation of J0e of both LD and POCl3 FD emitters with 
respect to their Rsh. 
Fig. 2. Near-surface phosphorus SIMS profiles of (a) a POCl3 
FD as well as (b)-(e) LD emitters with various powers Plaser. 
Corresponding Rsh and junction depths are given in Table 1. 
 
Fig. 2 shows the SIMS profiles of some of the formed emitters, from which surface concentration and 
junction depth can be deduced. Table 1 gives the junction depths considered for a base doping of 8x1014 
at/cm3 when using Gaussian or erfc fits. 
As is noticeable from Fig. 2, the surface concentration is almost similar, namely ≈ 1021 at/cm3, for the 
POCl3 120 Ω/□ emitter without laser irradiation (curve a) and the 70 Ω/□ emitter obtained after laser 
processing at 0.9 W (curve b). This latter condition has shown the highest J0e value (cf. Fig. 1). 
Furthermore, Table 1 reveals a slight increase in junction depth for the low laser power treated sample 
compared to the untreated one. In contrast, phosphorus profiles of the 50-30 Ω/□ LD emitters (curves c to 
e) feature a strong decrease in phosphorus surface concentration (down to ≈ 2x1020 at/cm3) together with 
a tremendous junction depth increase (up to 1.45 µm). 
 
Table 1. Calculated junction depths and measured Rsh for FD and LD emitters whose phosphorus profiles are presented in Fig. 2. 
 
Emitter type Plaser [W] Rsh [Ω/□] Junction depth [µm] 
Furnace-diffused NA 120 ± 4 0.1 
Laser-doped 0.9 ± 0.1 70 ± 8 0.18 
 1.3 ± 0.1 52 ± 4 0.28 
 2.0 ± 0.1 38 ± 3 0.39 
 5.5 ± 0.1 31 ± 5 1.45 
 
In [7] it has been shown that this peculiar “bell-shaped” trend was mainly driven by the important 
reduction of the phosphorus surface concentration which begins to occur once a threshold laser power is 
reached. In our case, this threshold is of about 0.9 W, which corresponds to the laser power used to 
process the 70 Ω/□ LD emitter. This latter featured the highest J0e value. It has also been shown that this 
surface concentration change was the result of the limited amount of dopants available in the PSG layer. 
The dopant dose was found to be ≈ 3-4x1015 at/cm². This interpretation was also confirmed by PC1D 
simulations, in which J0e values of LD emitters were generated numerically using the equation J0e = 
αqWni2/2, where α is the slope of the 1/τeff – 1/τAuger = f(Δnav) at high injection level, W is the sample 
thickness and ni = 1x1010 cm-3 is the intrinsic carrier concentration. These simulations confirmed the 
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predominant role of the phosphorus surface concentration depletion in the decrease of J0e observed for 
heavily LD emitters. Further details can be found in [7]. 
3.2. Investigation of laser-doped emitters SRV 
Fig. 3A reports the variation of LD emitters J0e with their Rsh for the as-deposited H-rich silicon nitride 
layers (open circles) and the Si-rich ones (filled circles). While it is well-known from the literature that 
the latter provide a better “as-deposited” passivation [13], the former are known to offer an efficient bulk 
hydrogenation during firing and are thus more suitable for solar cells processing [14, 15]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
   (A)      (B) 
Fig. 3. (A) Variation of J0e with Rsh for LD emitters using either H-rich silicon nitrides (open circles) or Si-rich silicon nitrides (filled 
circles) as passivation layers; (B) calculated J0e-SRV curves for 3 LD emitters with Rsh of (a) 120 Ω/□, (b) 70 Ω/□ and (c) 30 Ω/□. 
 
As can be seen from Fig. 3A, the “bell-shaped” trend is found when using both passivation layers. 
Nevertheless, two different behaviors are observed. For lightly LD emitters with Rsh between 120 and 70 
Ω/□, J0e is lower when using Si-rich layers than for H-rich ones. These emitters are thus sensitive to 
surface states and their J0e will strongly depend on the surface passivation. 
In contrast, J0e of heavily LD emitters with Rsh below 70 Ω/□ is seen to be independent of the type of 
the passivation layer. This is a very common feature of heavily doped emitters [6, 15]. This is also 
consistent with the results of section 3.1. Heavily LD emitters indeed feature large junction depths, which 
prevent the minority carriers from reaching the surface without being recombined. Charge carrier 
recombination in these emitters will then rather happen in the bulk than at the surface, which explains 
why J0e does not depend on the passivation layer type. 
Calculated J0e-SRV curves were then carried out for three LD emitters (with Rsh of 120, 70 and 30 
Ω/□) using the method proposed in [6]. Results are displayed in Fig. 3B. 
It can be seen that the curves corresponding to the cases of 120 and the 70 Ω/□ LD emitters exhibit a 
strong J0e-SRV dependence. For these two emitters, an efficient surface passivation will thus yield to an 
important J0e decrease. In contrast, the J0e-SRV curve of the 30 Ω/□ LD emitter is rather flat: for this 
emitter, even a strong decrease of the SRV will lead to only a slight J0e decrease. This confirms that this 
heavily LD emitter is limited by its intrinsic recombination losses (Shockley-Read-Hall and Auger at high 
injection level), and not by its surface recombinations. These results are consistent with the data of Fig. 
3A. 
The observed feature could nevertheless turn to be rather an asset when considering selective emitter 
solar cells processing. Indeed, the heavily LD areas must be metalized, which yield to a very high SRV (≈ 
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107 cm/s). Yet, as heavily LD emitters show a very weak J0e-SRV dependence, their J0e will not be too 
much affected by the metallization process, and as a consequence the cell Voc, implied should not be altered 
in a large extend. 
It is nevertheless well known that during the firing step of screen-printed contacts, metallic impurities 
possibly diffuse into the space-charge region. This effect is seen as an increase of the J02 in the two diode 
model, thus leading to a decrease of the cell Voc. Screen-printed solar cells with an homogeneous 65 Ω/□ 
LD emitter were hence processed and their dark-IV curves were compared to cells with a standard 65 Ω/□ 
FD emitter. It appears that J02 increased from 8x10-3 mA/cm² for the FD cells to 4x10-2 mA/cm² for the 
LD cells, thus revealing a higher sensitivity of the LD emitter to the metallic impurities. 
3.3. Laser-doped selective emitter solar cells results 
Laser-doped selective emitter (LD-SE) solar cells using laser doping to pattern the n++ areas were 
processed according to the workflow described in [2]. Cells with a 65 Ω/□ FD homogeneous emitter were 
processed as well and are referred to as “standard” cells. KOH-textured 125PSQ Fz-Si wafers were used. 
Table 2 summarizes the electrical parameters averaged on ten cells of each type. 
 
Table 2. Photovoltaic parameters of standard and laser-doped selective emitter (LD-SE) solar cells. 
 
Cell type Jsc [mA/cm²] Voc [mV] FF [%] η [%] 
standard 36.5 ± 0.1 621 ± 1 78.3 ± 0.1 17.7 ± 0.1 
LD-SE 37.4 ± 0.2 629 ± 2 78.0 ± 0.1 18.3 ± 0.2 
 
An overall gain of 0.6 % in efficiency is obtained for the laser-doped SE cells. This gain results from 
both an enhancement of 0.9 mA/cm² in Jsc and 8 mV in Voc. This owes to a reduced Auger recombination 
rate and a better surface passivation thanks to the thinner n+ emitter. 
SE cells gain in efficiency is often expected to vanish after encapsulation since EVA absorbs an 
important part of the blue spectrum, thus reducing the Jsc advantage of SE cells. To check this behavior, 
both standard and LD-SE cells were encapsulated using EVA and standard front sheet glass. The results 
showed that even if the LD-SE cells Jsc gain was slightly reduced, the Voc as well as the FF improvements 
were conserved, hence yielding an absolute overall gain in efficiency of 0.5 %. 
4. Conclusion 
We showed that laser doping from PSG layer can be used to form heavily doped phosphorus emitters 
featuring lower J0e than FD emitters of similar Rsh. Based on both qualitative analysis and numerical 
simulations, we proved that this peculiar behavior is the result of a strong reduction of the phosphorus 
surface concentration occurring at sufficiently high laser fluences. 
Applying Si-rich or H-rich silicon nitrides as passivation layers of emitters showed that while lightly 
LD emitters were sensitive to surface state, heavily LD emitters were rather limited by their 
recombination losses and exhibited a weak J0e-SRV dependence. This latter characteristic nevertheless 
turns to be an asset for laser-doped selective emitter solar cells processing, as the J0e of these heavily LD 
regions will not be affected by the metallization step. 
We have finally applied the laser doping to form the heavily doped regions of selective emitter solar 
cells. An absolute overall gain of 0.6 % in efficiency was measured as a result of the low J0e of the LD 
emitters. 
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